New methods of copper excitation are currently being studied for use as a copper vapor laser. The most promising technique thus far is the use of pulsed and continuous wave (CW) microwaves in a resonant cavity to both vaporize and dissociate copper chloride. The microwave experiment combines CW microwaves at 2.45 GHz, the resonant frequency of the cavity, and pulsed microwaves using a hybrid junction. The combined signal is then introduced into an Asmussen resonant cavity. CW powers of approximately 100 watts both vaporize and dissociate copper chloride, producing neutral copper atoms. The pulsed microwaves of approximately 1,000 watts then further excite the copper atoms, increasing the light output of the discharge. Variations in the pulsed microwave frequency, as well as the pulse repetition frequency and pulse width, optimize the absorption of the pulsed microwaves by the discharge and are also used as a diagnostic of the discharge.
INTRODUCTION
The current generation of copper vapor lasers use repetitively pulsed electrical discharges between two electrodes to excite either a copper vapor12 or a copper halide vapor38. Copper chloride lasers operate near the melting point of copper chloride (695 K), whereas copper vapor lasers operate above the melting point of copper (1357 K). This reduction in operating temperature may lead to greater efficiencies of operation. Due to the recombination of copper and chlorine free atoms, electrical discharge copper chloride lasers must be operated in either of two fashions: 1) use two discharge pulses, one to dissociate the copper chloride and the second to excite the copper atoms6, or 2) repetitively pulse the system so that the time between the pulses is less than the recombination rate of the copper and chlorine (180 to 350 iseconds). 8 Excimer discharges pumped by microwaves have been shown to be an effective source for the use in laser construction. Lasing in ArXe9, XeC11011, He-22 /SP!E Vol. 1628 Intense Laser Beams (1992) O-8194-0774-7/92/$4.OO Ne12, KrF13, and XeF14 have been demonstrated using electrodeless microwave pumped sources. Typically the discharges run at approximately 10 Hz with efficiencies of up to 4%. The benefits of microwave discharges for pumping are 1) the absence of electrodes, 2) high coupling efficiencies of microwave power to the laser medium, and 3) the relatively low cost of microwave components. There are two other benefits inherent to microwave discharges which warrant their use in copper lasers: the high repetition rates needed for copper vapor laser sources are easily within the range of microwave sources and microwaves have the ability to penetrate deeply into a plasma allowing for large diameters and uniform laser beam profiles.
EXPERIMENTAL CONFIGURATION
In this experiment, the coupling of microwaves to the laser cavity was achieved using an Asmussen microwave resonant cavity1516• The cavity was operated in the 2 mode using CW microwaves at 2.45 GHz. Figure 1 pulse repetition frequency, and pulsed microwave frequency are fully adjustable to suit the plasma conditions. Typical absorbed powers and operating parameters are shown in Table 1 . Two methods were used to obtain a copper chloride vapor. The apparatus used for both methodologies is shown in figure 4 . The first method used a resistive tape to heat a reservoir of copper chloride powder to temperatures above the melting point of copper chloride. This provides a source of copper chloride vapor Fig. 4 . The quartz tube used to contain the plasma buffer gas detailing the two methods used to obtain a copper chloride vapor. Quartz wool was used to ensure the high temperatures needed. external to the plasma discharge. The flow of the buffer gas from the gas supply to the vacuum pump causes the copper chloride vapor to be drawn into the discharge. However, the copper chloride was found to cool and plate the walls of the quartz tube before reaching the discharge. To compensate for this phenomenon, quartz wool was wrapped around the quartz tube to provide insulation.
The second method studied was to place a small amount of copper chloride powder inside the resonant cavity. A plasma formed by the buffer gas, typically helium or neon, was then used to heat the copper chloride powder to a high temperature, about 800 K, providing a high copper chloride vapor pressure directly within the plasma discharge. Insulation of the quartz tube was still found to be essential, so quartz wool was wrapped around the quartz tube inside the resonant cavity. This procedure is sufficient to allow steady operation of a copper discharge for long periods of time.
One diagnostic technique developed for this project is a computer program which calculates the complex conductivity for the discharge. This conductivity is then used to obtain the electron density and electron collisional frequency of the discharge. The details of the program and the theory inherent to the program are given elsewhere1718. The basic methodology is as follows: The total absorbed power, plasma volume, and radial electric field at the wall are first measured. These electric field measurements must then be related to the electromagnetic fields in the discharge (inserting probes into the discharge would disrupt these fields). To do this, it is necessary to estimate an initial value of the complex wavenumber (i.e. dielectric constant) of the plasma discharge. Using boundary conditions and Maxwell's equations, the data measured at the walls of the cavity are then related to the fields present throughout the cavity. Due to the complexity of this procedure, the computer program Mathernatica is used to do this. The electric fields present in the discharge are then integrated along with the conductivity, which is directly related to the complex wavenumber chosen earlier, to obtain a Joule heating absorbed power. This calculated power is then compared to the measured power. If the two values do not match, the initial value of the wavenumber (i.e. dielectric constant) of the plasma is altered and the process is repeated. If the two values do match, the electron density and electron collisional frequency is determined from the complex conductivity.
This technique of calculating the electron density, a critical value in laser media, has been verified by measuring the shift in the resonant frequency of the cavity. 19 The presence of a plasma in a resonant cavity causes an upshift in the resonant frequency given by:20
where E0 is the electric field of an unloaded cavity, o is the resonant frequency of the cavity, T nee2/meeowo2, e is the electron density, and y is the collisional frequency normalized to the resonant frequency i.e. v/co0. The upshift in the resonant frequency is measured by varying the microwave frequency of the pulsed signal.
It has been shown that this technique may be used for plasma densities approaching 1012 cm3 if the electric fields are perpendicular to any density gradients in the discharge.21 This is approximately true for this system, since the electrical fields in the discharge run mainly along the axis of the cavity, where the plasma is fairly uniform. Results from this technique match well with the results of the electromagnetic model introduced earlier. The electron densities measured using this technique and the electromagnetic model are typically between 101 1 to 1012 cnr3. and (b) the 5782.1 A copper laser transition. The spectra were obtained in the absence of any pulsed microwave signal. Operating parameters are: helium buffer gas pressure 3 torr, absorbed power 125 watts.
spectra showing the two copper laser transitions, 5105.5 A and 5782.1 A. These spectra were taken in the absence of the pulsed power signal. These spectra show that the CW microwaves easily dissociate the copper chloride molecules and further excite the neutral copper atoms. An important note is that ionized copper atoms have not been observed.
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The interaction of the pulsed microwaves with the plasma is also indicated through emission spectroscopy. Light is collected from the end window (along the cavity axis) of the discharge and is imaged onto the entrance slit of a one meter Optical emission spectra showing the 5105.5 A copper laser transition with a neon buffer gas. Spectra (a) is during the pulsed portion of the microwave signal and spectra (b) is during the cw portion of the signal. The power trace corresponding to the spectra is shown in fig. 3 . Buffer gas pressure Optical emission spectra showing the 5105.5 A copper laser transition with a helium buffer gas. Spectra (a) is during the pulsed portion of the microwave signal and spectra (b) is during the cw portion of the signal. The power trace corresponding to the spectra is shown in fig. 3 . Buffer gas pressure spectrograph, which is coupled to a 1024 channel intensified diode array. The diode array is gated by a driver which is triggered by a pulse generator, which also triggers the pulsed microwave supply. By introducing a delay between the power supply trigger and the array gate, spectra could be obtained either during the microwave pulse or between the microwave pulses, i.e. during the CW portion of the power trace. The width of the array gate was generally 100 nseconds. Figures  6a and 6b are spectra showing the 5105.5 A line during and in the absence of the pulsed signal with a helium buffer gas. The power trace for these spectra is the same as the one shown in figure 3 . Notice the increase in light emission by a factor of three during the microwave pulse. Figures 7a and 7b are spectra showing the same effect with a buffer gas of neon. Here the increase in light emission is just below three, almost identical to the helium buffer gas results. Light intensity increases by factors of ten have also been observed for this transition.
CONCLUSIONS
Microwave discharges in copper chloride show promise for use as copper vapor laser media. Optical emission spectroscopy shows that a CW microwave discharge is capable of heating, vaporizing, and dissociating copper chloride.
Spectroscopy also demonstrates that the interaction of pulsed microwaves with the plasma discharge enhances optical emissions by as much as ten times over the normal CW microwave plasma emissions.
Modeling of the plasma discharge has indicated electron densities of 101 1 to 1 0 1 2 cm3 and electron collisional frequencies of lO to 101 1 sec . These electron densities have been verified experimentally by measuring the shift in the resonant frequency of the cavity and comparing this shift to theory. 
